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Abstract 

Large-area  (100-400  cm2),  short-pulse  (~1  psec)  planar  discharges  employing  pro¬ 
filed  electrodes  have  been  produced  across  various  polymer  substrates,  including 
polyethylene,  polyethylene  terephthalate,  cellulose  acetate,  polytetraf luoroethy- 
lene,  and  fiberglass.  All  discharges  were  complete  (i.e.,  completely  bridged  the 
anode-cathode  gap)  and  operated  in  the  moderate  erosion  regime  (Ed/A  ~  1  J/cm2). 
Parametric  studies  of  the  electrical  circuit  parameters  and  discharge  dimensions 
demonstrate  the  importance  of  proper  source-driver  impedance  matching  to 
short-pulse  operation.  The  degree  of  spatial  homogeneity  depends  upon  the  peak 
discharge  voltage,  the  initial  rate  of  voltage  rise,  the  specific  capacitance  of 
the  substrate,  the  gas  atmosphere  and  pressure,  and  the  ablation  mode  of  the  sub¬ 
strate.  Open-shutter  photography,  performed  both  perpendicular  and  parallel  to 
the  discharge  plane,  is  used  to  develop  criteria  for  obtaining  uniform,  coalesced 
discharges.  Spectroscopic  studies  show  that  planar  surface  discharges  radiate  as 
Lambertian  sources  characterized  by  brightness  temperatures  >  30,000  R.  The 
plasma  is  not  opaque  in  the  ultraviolet  and  shows  considerable  structure  attri¬ 
buted  to  line  emission.  Coupling  schemes  for  interfacing  surface  discharges  to 
gaseous  laser  media  in  various  geometries  have  been  developed. 


Introduction 

Surface  discharges  offer  numerous  advantages  as  an  ultraviolet  source  for  lasers.1  Some 
of  these  advantages  include  intense,  short-pulsewidth  emission  which  can  be  tailored  for 
enhanced  radiation  in  the  spectral  region  of  interest,  scalability  to  large  planar  or  cyl¬ 
indrical  areas  which  are  suitable  for  close-coupled  excitation,  life  expectancies  which  can 
be  extended  to  10®  flashes  with  proper  engineering,  simple  and  inexpensive  designs  which 
can  withstand  high-peak-power  electrical  loading  without  catastrophic  failure,  and  capabil¬ 
ity  for  repetitively  pulsed  operation. 

The  primary  emphasis  of  the  present  experiments  is  on  spectroscopic  and  electrical 
characterization  of  the  discharges  over  a  range  of  source  and  driver  parameters.  The 
geometry  of  the  planar  source  and  an  equivalent  circuit  schematic  are  shown  in  Fig.  1. 
The  discharge  width  and  gap  are  given  by  w  and  d,  respectively,  and  the  source  area  is  A. 
Experiments  have  been  performed  both  with  Chang2  profile  and  parallel  electrodes  of  various 
widths.  The  electrode  material  is  brass.  The  main  energy  storage  capacitor  C,  is  charged 
to  a  voltage  Vc  (stored  energy  E,  =  0.5C,vf)  and  is  discharged  into  the  load  (deposited  en¬ 
ergy  Ed)  by  two  parallel  N2-pressurized  spark  gaps.  Peaking  capacitors  Cp  are  used  to  in¬ 
crease  the  current  and  optical  rise  time  at  the  load.  The  total  circuit  inductance  is 
L  *  L0  +  L, .  Current  waveforms  are  measured  using  an  Ion  Physics  Company  Model  CM-l-S  cur¬ 
rent  monitor,  while  voltage  waveforms  are  measured  using  a  custom-built  coaxial  divider. 

The  optical  diagnostics  system  and  overall  experimental  arrangement  are  shown  by  the 
plan  view  in  Fig.  2.  A  Tracor-Northern  Diode  Array  Rapid  Scan  Spectrometer  (DARSS)  is 
used  to  obtain  time-integrated  quantitative  spectra.  The  intensified  diode  array  detector 
contains  1024  elements  and  can  span  40  nm  or  300  nm  in  a  single  exposure  depending  upon 
which  grating  is  employed  in  the  Ebert  spectrometer.  Wavelength  calibration  of  the  DARSS 
system  is  performed  using  a  low  pressure  Hg-Ar  arc  lamp.  The  optical  transfer  system, 
spectrometer,  and  DARSS  were  calibrated  as  a  system  using  an  NBS-traceable  standard  of 
spectral  radiance.  Two  photomultiplier  (Hamamatsu  R-1509)  assemblies  are  used  to  measure 
temporal  dependencies.  Assembly  <1  is  used  in  conjunction  with  various  bandpass 
f ilter/pinhol^  aperture  arrangements  to  measure  optical  pulse  shapes,  while  assembly  42  is 
used  to  follow  the  temporal  evolution  of  line  species  in  the  discharge.  Data  from  the 
DARSS  mainframe  is  downloaded  to  a  PDP-11/23  computer  for  analysis  and  plotting.  Signals 
from  the  PMTs,  current,  and  voltage  monitors  are  recorded  using  a  TEK  7704A  oscilloscope. 


•Research  supported  in  part  by  the  U.  S.  Army  Research  Office  under  Contract  Number 
DAAG29-84-C-0027 . 
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Optical  diagnostics  system  and  experimental  arrangement. 


Surface  discharges  are  inherently  low-impedance  (<  in)  loads.  The  condition  for  criti¬ 
cal  damping  of  the  current  waveform,  Zd  =  0.5Z,  ,  where  Zd  and  Z6  are  the  driver  and  source 
impedance,  respectively,  is  also  the  condition  required  to  maximize  the  power  into  the 
source  load.  For  a  purely  reactive  driver,  Zd  =VL/C,  requiring  low- inductance  circuitry 
for  short  optical  pulsewidths.  Current  waveforms  for  all  the  experiments  reported  here  are 
oscillatory  or  near-critically  damped.  The  peak  current,  Ip ,  shows  little  or  no  dependence 
on  the  gas  type,  gas  pressure,  or  dielectric  chosen.  As  shown  in  Fig.  3,  Ip «  VcvC,/l,  as 
is  expected  from  elementary  circuit  analysis.  The  time  at  which  the  peak  current  is 
reached  decreases  and  dl/dt|0  increases  with  increasing  Cp.  Preliminary  data  suggest  that 
the  source  resistance  increases  directly  with  the  gap  d,  for  d  >>  dt,  where  dt  is  the 
characteristic  electrode  sheath  dimension.  The  source  resistance  is  not  directly  propor¬ 
tional,  however,  to  the  reciprocal  of  the  discharge  width,  1/w.  For  example,  the  inferred 
source  resistances  for  w  =  10  and  20  cm  discharges  (d  *  11  cm,  C,  =  868  nF,  L  =  284  nH, 
Vc  *  15  kV,  800  Torr  Ar)  are  135  and  123  mn,  a  decrease  of  only  10%  for  a  doubling  in  dis¬ 
charge  width.  This  behavior  is  probably  related  to  the  functional  dependence  of  the  mag¬ 
netic  pressure  upon  the  plasma  on  the  current  density  thru  the  plasma.  More  complete 
parametric  studies  are  presently  underway  to  elucidate  this  phenomenon.  Thus,  for  a  given 
Vc ,  d  can  be  increased  to  a  value  for  which  the  critical  damping  requirement  is  satisfied. 
Because  of  the  low  impedance  of  the  load,  the  electrical  efficiency  of  the  discharge, 
n  =  Ed/Et,  depends  sensitively  on  external  losses  such  as  the  characteristic  loss  resis¬ 
tance  of  the  capacitor (s)  and  the  transmission  line  resistance.1  Every  effort  should  be 
made  to  minimize  these  losses  if  the  electrical-to-optical  conversion  efficiency  is  impor¬ 
tant. 


CHARGING  VOLTAGE.  kV 


Fig.  3.  Ip  as  a  function  of  Ve  .  Data  for  the  1  and  2  uF  cases  are  for  4x4 
cm2  discharges  across  chromium  oxide  and  are  taken  from  the  work  of  Beverly  et  al.3  Data 
for  the  868  nF  case  is  for  10  x  11  cm2  discharges  across  cellulose  acetate. 


Radiative  enhancement  in  a  particular  spectral  region  can  be  effected  by  choosing  a  sub¬ 
strate  whose  species  readily  ionize  in  the  discharge  plasma  and  subsequently  radiate  via 
line  transitions  in  the  region  of  interest.  Beverly  et  al.3  investigated  numerous  ceramics 
in  surface  discharges  and  showed,  for  example,  that  significant  enhancement  in  the  350-450 
nm  region  occurs  using  cerium  oxide  and  strontium  titanate  substrates.  For  the  plastic 
substrates  employed  here,  no  appreciable  differences  were  noted  in  the  time-integrated 
spectra  when  using  different  plastics  and  few  line  species  attributed  to  components  of  the 
substrates  were  observed.  DARSS  spectra,  such  as  those  in  Fig.  4,  show  considerable 


structure  although  most  of  the  lines  arise  from  excited  species  in  the  ambient  gas  atmos¬ 
phere.  Analysis  of  these  spectra  shows  that  the  radiated  energy  density  within  a  given 
pumpband  of  width  A  A  ,  E4X/A,  increases  rapidly  with  increasing  absolute  gas  pressure  P, 
saturating  at  P  =  2-4  atm.  Although  E4X/A  saturates  with  increasing  Ed/A,  the  radiant  ex- 
citance  M4x  =  (E4X/A)/tp  continues  to  increase  since  there  is  a  tendency  for  the  optical 
pulsewidth  tp  to  decrease  with  increasing  Vc .  Thus,  surface  discharges  can  attain  a  larger 
radiant  excitance  over  a  much  larger  area  than  produced  at  the  surface  of  a 
highly-stressed,  optimized  xenon  flashlamp  for  comparable  pulsewidths.  Sources  in  the  rare 
gases  yield  values  of  Eu<  which  are  proportional  to  the  atomic  weight  of  the  gas. 


WAVELENGTH,  nm 

Fig.  4.  Representative  DARSS  spectra. 

The  optical  pulse  shape  is  characterized  by  a  fast  leading  edge,  an  optical  peak  tempo¬ 
rally  coincident  with  the  current  maximum,  and  a  quasi-exponential  decay  which  is  a  few 
times  longer  in  duration  than  the  leading  edge  if  the  current  waveform  is  damped  to  as  much 
as  100  times  longer  for  oscillatory  discharges.  The  use  of  peaking  capacitors  can  there¬ 
fore  be  extremely  effective  in  decreasing  the  optical  rise  time  as  well  as  the  pulsewidth. 
For  the  case  of  ceramic  substrates,  neutral  line  species  are  observed  to  radiate  for  many 
tens  of  microseconds  into  the  afterglow.  Singly-  and  doubly-ionized  substrate  species, 
however,  tend  to  turn-on  and  terminate  earlier  in  the  discharge  than  the  neutrals. 


The  degree  of  spatial  homogeneity  depends  upon  the  applied  voltage  (U),  the  rate  of  ini¬ 
tial  voltage  rise  ( du/dt I 0 ) ,  the  specific  capacitance  of  the  substrate  [C,p  (pF/cm2)  » 
0.88«:/a,  where  <  is  the  dielectric  constant  and  a  (mm)  is  the  substrate  thickness),  the 
gas  atmosphere  and  pressure,  and  the  ablation  mode  of  the  substrate.  Complete  surface  dis¬ 
charges  do  not  obey  Paschen's  law  and,  in  fact,  can  be  achieved  using  voltages  far  lower 
than  required  to  break  down  the  equivalent  free-spark  gap.  For  U  <  Ub,  ,  where  the  break¬ 
down  voltage  Ubr  is  a  function  of  C,p  and  the  gas  type,4  the  surface  discharge  is  incom¬ 
plete,  consisting  of  a  number  of  plasma  channels  which  advance  nonuni formly  and  which  have 
a  highly  chaotic  appearance.  As  the  degree  of  overvoltage  (U/Ubr)  is  increased,  the  number 
of  plasma  channels  increases  and  the  homogeneity  improves.  For  U/UbI  >  3,  these  channels 
coalesce  into  a  uniform  plasma  sheet  as  shown  in  Fig.  5.  The  work  of  Baranov5  has  shown 
that  the  number  and  width  of  these  plasma  channels  is  also  a  function  of  du/dt  1 0  for  dis¬ 
charges  in  helium.  We  have  observed  similar  behavior  for  discharges  in  nitrogen  and  air, 
which  require  low-inductance  circuitry  to  achieve  homogeneous  planar  discharges 


(dU/dtlo~10  }.  Planar  discharges  in  the  heavy  rare  gases  (xenon,  argon,  and  krypton)  are 
comparatively  easy  to  achieve  even  at  high  pressure  (10  atm).  The  effect  of  increasing  gas 
pressure  for  discharges  in  nitrogen  is  shown  in  Fig.  6.  The  number  of  channels  decreases 
with  increasing  pressure  but  their  width  tends  to  increase.  The  presence  of  an  attaching 
gas,  as  demonstrated  by  the  photographs  in  Fig.  7,  makes  the  discharge  highly  filamentary. 
At  sufficiently  high  pressure,  the  discharge  will  convert  from  surface  tracking  to  a  single 
arc.  It  is  possible  to  obtain  a  multichannel  surface  discharge  in  laboratory  air  for  fast 
discharge  circuitry  as  shown  in  Fig.  8.  The  number  of  channels  per  unit  of  discharge 
width  increases  with  increasing  0  and  decreasing  L.  The  presence  of  a  conducting  backplane 
is  absolutely  necessary  to  produce  a  homogeneous  planar  discharge  as  well  as  to  reduce  the 
breakdown  voltage.  Preliminary  results  suggest  that  operating  the  discharge  in  the  nega¬ 
tive  polarity  mode,  i.e.  Vc  <  0,  is  preferrable  to  operation  in  the  positive  mode.  Our  ex¬ 
periments  show  that  a  minimum  value  of  Ctp  ■  2-4  pF/cm2  is  necessary  but  not  sufficient  for 
homogeneity.  Increases  in  C,p  beyond  10  pF/cm2  show  little  additional  benefit.  Increasing 
C,  with  the  Chang  profile  electrodes  causes  the  discharge  to  widen  in  the  y-direction  as 
shown  in  Fig.  9.  Wide  electrodes  benefit  from  distributing  the  peaking  capacitance  along 
their  length  which  helps  to  prevent  plasma  formation  in  only  one  region.  We  note  that  the 
spatial  homogeneity  is  not  especially  sensitive  to  details  of  the  electrode  contour,  indi¬ 
cating  that  dtj/dz  >>  dt,/dx  in  conformance  with  the  theory  of  Borisov  et  al.6  Here,  £  is 
the  electric  field  strength.  Substrates  which  ablate  cleanly  during  the  discharge  (e.g. 
most  plastics,  chromium  oxide,  strontium  titanate)  display  good  spatial  homogeneity  while 
substrates  which  metallize  during  the  discharge  (e.g.  niobium  oxide)  show  progressively 
degraded  homogeneity  as  flashes  are  accumulated.  This  phenomenon  is  explained  by  reduction 
of  the  ceramic  to  free  metal  during  the  initial  discharges  followed  by  single-track  break¬ 
down  on  the  surface  of  the  substrate  during  later  flashes. 
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Fig.  6.  Effect  of  increasing  gas  pressure  (nitrogen)  on  spatial  homogeneity  (polyethylene 
terephthalate  dielectric,  Ctp  =  11.7  pF/cm2;  Chang  profile  electrodes,  w  x  d  =  20  x  6  cm2; 
Vc  =  25  kV,  C,  =  434  nF,  Cp  =  6.6  nF,  L  =  284  nH)  . 
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Fig.  7.  Effect  of  an  attaching  gas  on  spatial  homogeneity  (source  and  electrical  parame¬ 
ters  same  as  in  Fig.  6) . 
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Fig.  8.  Fast  multichannel  surface  discharge  in  laboratory  air  (glass  fiber  phenolic 
dielectric,  C,„  =  2.8  pF/cm2;  parallel  electrodes,  w  x  d  =  6  x  2.5  cm2;  Vc  =  25  kV,  C5  = 


Ce  =  434  nF 


Cs  -  866  nF 
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Fig.  9.  Effect  of  energy  storage  capacitance  on  spatial  homogeneity  (fiberglass  dielec¬ 
tric,  Ctp  =  3.0  pF/cmJ;  Chang  profile  electrodes,  w  x  d  =  20  x  10  cm1 2 3 4 5 6;  800  Torr  argon; 
Vc  =  25  kV,  Cp  =  6.6  nF,  L  =  284  nH) . 


Surface  discharges  have  been  successfully  used  to  pump  photodissociation  excited 
media,7'9  to  preionize  carbon-dioxide10'20  and  excimer21'23  lasers,  and  to  photoinitiate 
HF/DF  chemical  lasers.24'30  Engineering  considerations  for  incorporating  surface  dis¬ 
charge  uv  sources  into  repetitively  pulsed  lasers  are  given  by  the  present  author  in 
Ref.  31.  Conceptual  pumping  geometries  are  shown  in  Fig  10.  The  parallel  planar  geometry 
is  most  suited  to  large  transverse  discharge  lasers  where  the  surface  discharges  act  as 
uv-preionizers  for  the  gas  and  as  the  plasma  electrodes  for  the  main  discharge.  The 
inside-out  cylindrical  and  annular  schemes  are  amenable  to  axial-flow  devices  with  the 
former  being  the  most  compact  and  the  latter  affording  better  scalability.  The  outside-in 
cylindrical  geometry  is  of  interest  for  radial-injection  chemical  lasers. 
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Fig.  10.  Surface-discharge  pumping  geometries. 
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